Squids have used their tunable iridescence for camouflage and communication for millions of years; materials scientists have more recently looked to them for inspiration to develop new "biologically inspired" adaptive optics. Iridocyte cells produce iridescence through constructive interference of light with intracellular Bragg reflectors. The cell's dynamic control over the apparent lattice constant and dielectric contrast of these multilayer stacks yields the corresponding optical control of brightness and color across the visible spectrum. Here, we resolve remaining uncertainties in iridocyte cell structure and determine how this unusual morphology enables the cell's tunable reflectance. We show that the plasma membrane periodically invaginates deep into the iridocyte to form a potential Bragg reflector consisting of an array of narrow, parallel channels that segregate the resulting high refractive index, cytoplasmic protein-containing lamellae from the lowindex channels that are continuous with the extracellular space. In response to control by a neurotransmitter, the iridocytes reversibly imbibe or expel water commensurate with changes in reflection intensity and wavelength. These results allow us to propose a comprehensive mechanism of adaptive iridescence in these cells from stimulation to color production. Applications of these findings may contribute to the development of unique classes of tunable photonic materials.
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Doryteuthis opalescens | iridophore | structural color A lthough structural color is widespread across both the animal and plant kingdoms (1) (2) (3) (4) , there are very few cases in which the photonic structures are tunable and adaptive (5) (6) (7) . Many cephalopods exhibit iridescence, but only a few squid species can tune this iridescence for adaptive camouflage and communication (8, 9) by modulating the periodicity of multilayer reflectors (7) in specialized cells classically called iridocytes.
[Earlier workers have referred to these cells variously as iridocytes, iridophores, or reflective cells. We use here the unambiguous convention of contemporary cell biology, referring to them as iridocytes (literally "iridescent cells"), with no specific photonic mechanism implied.] For this reason, the tunable photonics of squids have long been a source of intrigue and inspiration to materials scientists (10) (11) (12) . Although it is known that the neurotransmitter acetylcholine (ACh) activates a signal-transduction cascade to drive the changes in periodicity of the reflectors (7, 13) , and the nerve cells delivering this signal recently have been identified (14) , details of the molecular mechanisms and cellular architectures governing the biophotonic processes themselves have remained elusive.
Morphology of cephalopod iridocytes has traditionally been interrogated by light microscopy ( Fig. 1 A and B) and transmission electron microscopy (TEM) (Fig. 1 C and D) , revealing the membrane-bound subcellular lamellae that constitute a Bragg reflector. Whereas these analyses by optical imaging are fundamentally limited because the subcellular platelet structure of this reflector is ordered at length scales commensurate with the wavelengths of visible light, TEM of thin sections reveals further details of the iridocyte Bragg reflector. A unique feature observed in TEM cross-sections of the iridocytes of some squids is the peculiar invaginations of the plasma membranes that extend deep into the cell and create lamellae of the high refractive index, protein-rich platelets (15, 16) . These invaginations separate the low refractive index space continuous with the exterior of the cell from the protein-rich Bragg lamellae. Similar membrane invagination/lamination morphology has been observed in photophore (i.e., bioluminescent organ) iridocytes of Pterygioteuthis microlampas (17) and the dermal iridocytes of Octopus dolfini (16) (but here, the Bragg stacks are arranged outside the cell body). It has been unclear, however, whether these unusual invaginations are artifactual (18) , and recent articles have suggested that the low refractive index space of the tunable iridocytes may instead be wholly intracellular (19) (20) (21) . Although TEM analyses have provided great insights, efforts to extrapolate a 3D model from such 2D images have been unsuccessful (18) , and a full understanding of the tunable reflective structure through optical microscopy and TEM alone has remained elusive (15, 18, 22) .
Results and Discussion
We sought to resolve this ambiguity of plasma membrane morphology in the squid tunable iridocytes through 3D dissection by focused ion beam milling (FIB) in conjunction with scanning electron microscopy (SEM). We began by isolating single adaptive iridocytes from the squid, Doryteuthis opalescens, by careful dissection and enzymatic digestion to liberate the tunably reflective cells from the surrounding connective tissue (Fig. 1B) ; methods are similar to those reported for the related squid, Alloteuthis subulata (21) . The isolated iridocyte cells were confirmed to be intact via the exclusion of trypan blue and propidium iodide. We imaged the cell surface of both dorsal ( Fig. 2 A and B) and ventral ( Fig. 2 C and D) iridocytes by SEM. From these images, it is evident that the plasma membrane indeed folds into the cell, forming numerous channels that flute the cell surface. To confirm these findings, we used a FIB for subcellular dissection, removing portions of the cell to provide another means to visualize the invaginations by SEM ( Fig. 2 E and F) . To further corroborate these results, we used a plasma membranespecific stain to image the cells with confocal microscopy, thereby highlighting the membrane infolding throughout the entirety of the cell ( Fig. 2 G and H) .
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vertebrate photoreceptor cells (23) . The color changing ability of these squid cells is much more pronounced in the dorsal iridocytes, which can change sequentially from nonreflecting to red, then green, and finally blue. The ventral cells have a much weaker response, showing only minor changes, if any at all (7, 21) . Regularity of the membrane folding is more clearly seen in iridocytes from the ventral dermis than from the dorsal dermis because the platelets of the ventral iridocytes are oriented perpendicular to the flat plane of the cells (21), have greater thicknesses and spacing, and are less convoluted ( Fig. 2) (18, 24) . The large, thick platelets and spacing are likely used more for scattering light rather than for constructive interference. The dorsal iridocyte membrane clearly folds deep into the cells, although the ultimate path of these folds is not easily followed. The platelets in dorsal iridocytes are parallel to the plane of the cell, more abundant, much thinner (providing periodicity for constructive interference in the visible wavelength range), and more sinuous (18, 20) . Our laboratory's direct measurements confirm the correlation between the number of periodic platelets and brightness of these iridocytes, consistent with the higher level of invagination (i.e., the number of lamellae) of these dorsal iridocytes.
Brocco et al. (16) suggested that one function of these membrane invaginations is to establish the highest refractive index contrast by using extracellular fluid instead of cytoplasm as the low index layer, thereby maximizing reflectance intensity (3). We hypothesize that two additional functional roles for the invaginations in the adaptive cells may be (i) to provide high surface area access of the entire photonic apparatus to extracellular signal molecules such as ACh, and (ii) a high surface area route for the rapid exchange of water between the high index platelets and the cell's exterior. Both of these roles would facilitate rapid changes of the apparent lattice constant and dielectric contrast of the photonic structure, consequently changing both the intensity and color of reflectance. These hypotheses are in agreement with Sutherland's mathematical model in which he suggested that shifts in reflected wavelength from the adaptive iridocytes are directly related to the volume fraction of water contained in the platelets (20) .
To ascertain directly whether water is exchanged with the exterior of the iridocyte during stimulation and relaxation, we used seawater spiked with D 2 O to track water movement into and out of isolated iridocyte tissue (see Materials and Methods for details). We measured the increase in D 2 O tracer inside the cells after cycles of stimulation and washing (Fig. 3A) . Because the high index platelets are composed of reflectin proteins (13, 25) , each sample was normalized to the reflectin concentration. As expected, D 2 O did not increase within the iridocytes until after the acetylcholine stimulus was washed away and the platelets relaxed to their swollen state (swelling with the uptake of exterior water) (Fig. 3B) . A second stimulation then diminished the intracellular D 2 O content, providing direct support for the water expulsion hypothesis. To control for proton exchange and leakiness of the cells, all of the samples were exposed to D 2 O for the same amount of time. During this waiting period, the cells were stored with or without ACh to match the final conditions of the sample and suppress extraneous changes in platelet hydration. Second, we performed the reverse of the previous experiment; instead of measuring D 2 O uptake, we directly measured expulsion from the cells. We equilibrated tissue samples in D 2 O-labeled seawater, washed away external D 2 O and then measured the D 2 O increase in the label-free bath after stimulation (Fig.  3C) . In this case, we observed significant water expulsion from the dorsal iridocytes, whereas the ventral iridocytes showed relatively poor response compared with the control. Correspondingly, the dorsal iridocytes displayed the most significant photonic response, changing color from the initial nonreflecting state to red and then progressively to blue, whereas the ventral cells showed only small changes (7, 21, 26) . Several important assumptions and approximations are made in analyzing the water exchange experiments of this study. Although the principal conclusion that water is exchanged with the extracellular space commensurate with color change is sound, quantitative uncertainties prevent our determination of the exact volume of water that enters and leaves the lamellae. First, there is a wide range of responsiveness of reflectance to ACh stimulation in the excised tissue samples; variable fractions of the iridocytes respond, and the extent and timing of their responsiveness varies as well. We also have not corrected for the minimal proton exchange with other molecules in the sample, passive diffusion of water in or out of the cells, and changes in response over time. Nevertheless, the observed water uptake and expulsion appear to be in the right range to effectively produce the observed changes in iridescence. The actual protein concentration of the iridocyte platelets is still not clear, but assuming the condensed platelets have a refractive index as high as 1.42 (16) and a standard protein refractive index increment of 0.2097 mL/g (27) , the platelet protein concentration would be 381 mg/ mL. With a uniquely high protein concentration approaching that of heavily concentrated lens crystalins (28), a change of 1.27 ± 0.56 μL of water per mg of protein would yield the necessary change in volume fraction of water to produce the observed spectral changes (20) . The membrane invaginations provide a high surface area interface between all of the protein lamellae and the extracellular space. We believe that the unique morphology of the iridocyte cells is functionally important, not only for maximizing the refractive index contrast as discussed earlier, but also by providing a route for the rapid exchange of water facilitated by the large surface area between the protein lamellae and extracellular space. Water can be exchanged directly with the outside of the cell, quickly mitigating potential osmotic stress and disruption of intracellular chemical equilibrium. Similarly, direct and rapid expulsion from the reflectin-containing platelets into the extracellular space is important for color production; uniformity of the multilayer reflector is critical for the generation and color tuning of iridescence, whereas uneven shrinkage of the platelets would reduce both the brightness and color purity of the reflected light (20) .
Our observations allow us to envision a more complete mechanism of adaptive iridocyte iridescence (Fig. 4) : ACh is known to bind a muscarinic type G protein-coupled receptor (7). The G protein is then released and activates the signaling cascade (as confirmed by stimulation of brightness and color with cholera toxin) (13) , resulting in calcium release from the endoplasmic reticulum (21) . Ca 2+ acts as a second messenger, binding calmodulin (24) and activating protein kinases and phosphatases (29) . The resulting differential phosphorylation and dephosphorylation of specific reflectins, as observed (13), apparently overcomes Coulombic repulsion, driving the observed condensation of the reflectins to a dense, compressible, hydrogel-like network (26) . This condensation of the reflectin proteins, before any change in the dimensions of the Bragg reflector, is first manifested optically as the previously observed increase in the refractive index contrast between the intra-and extralamellar compartments and the consequent onset of bright reflectance, before any progressive shift in reflected wavelength (26) . Condensation of the reflectins also would reduce the exposure of ionic groups on the protein surfaces, thereby driving an efflux of small ions across the cell membrane invaginations to maintain electro-osmotic equilibrium; this ion efflux, in turn, would drive the expulsion of water in a Gibbs-Donnan equilibration (30) . The resulting dehydration, demonstrated here, further increases the intralamellar protein concentration (further increasing the refractive index contrast and brightness, as observed) (26) and simultaneously reduces the platelet thickness, thereby changing the dimensions of the periodic Bragg reflector and-as a result-changing the color of the reflected light. The reversible, diffusional flux of water between the reflectin-containing platelets and the immediately adjacent extracellular space is rapid and facilitated uniformly in all of the platelets by the high surface area membrane invaginations forming the platelets. Thus, the rapid, reversible flux of water across the highly invaginated iridocyte membrane, regulated by neurotransmitter-and signal transduction cascade-mediated modifications of the reflectin proteins, directly controls the optical properties of this biological, tunably adaptive multilayer reflector. (32) . Each sample was normalized to the protein concentration of the crude reflectin extract (13, 26) . Protein concentrations were determined spectrophotometrically with a bicinchoninic acid assay (33) .
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